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(54) nUe: A SIMPLE METHOD FOR THE PURIFICATION OF A BIOELASTIC POLYMER 
(57) Abstract 

A method for purifying an artificial polymer that exhibits a rcvereible inverie temperatuie innsiUon is provided. The method involves 

(a) dissolvmg the polymer in an aqueous medium so that the temperature of the medium as below the effective transition tcmperatuTe 

(b) adjustmg the temperamrc of the aqueous medium relaUvc to the effective transition tcmpcnturr of the polymer; (c) removing any 
particulate material from the medium; (d) adjusting the temperature of the aqueous medium relative to ihc effective transition temperature 
Of Uic polymer so that the temperamre of the medium is above the effective transiUon temperature; (e) collecting the polymer from the 
medium as a more dense phase; and (f) optionally repeating any of steps (aHe) until a desired level of purity is reached; with the proviso 
the OFder of steps can be (a).(d)-(e)-(a)-(b)-(c). 
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A SIMPLE METHOD FOR THE PURinCATION OF A BIOELASTIC 

POLYMER 

iNTRomirTimv 

Technical Field 

The present invenUon relates generally to the purification of polymers that exhibit 
inverse temperature transitions. 

Bioelastomeric polypeptides are a relatively new development that arose in the 
Uboratories of the present inventor and are disclosed in a series of previously fUed 
patents and patent applications. For example, U.S. Patent No. 4,474,851 
describes a number of tetrapeptide and pentapeptide repeating units that can be 
used to form a bioelastic polymer. Specific biodastic polymers are also described 
in U.S. Patent Nos. 4,132,746, 4,187,852, 4,589,882, and 4,870,055. U.S. 
Patent No. 5,064,430 describes polynonapq>tide bioelastomers. Bioelastic 
polymers arc also disclosed in related patents directed to polymers containing 
pq)tide repeating units that are prqwued for other purposes but which can also 
contain bioelastic segments in the fmal polymer: U.S. Patent Nos. 4.605,413, 
4,976,734, and 4,693,718, entitled "Stimulation of Chemotaxis by Chemotactic 
Peptides'"; 4,898,926, entiUed "Bioelastomer Containing Tetr^Pentapeptide 
Units"; 4,783,523 entitled "Temperature Correlated Force and Structure 
Development of Hastin Polytetrapeptide"; 5,032,271, 5,085,055 and 5,255,518, 
entitled "Reversible Mechanochemical Engines Comprised of Bioelastomers 
Capable of Modulable Temperature Transitions for the Inteiconversion of 
Chemical and Mechanical Work"; 4,500,700, entitled "Elastomeric Composite 
Material Comprising a Polypqjtide"; and 5,520,516 entitled "Bioelastomeric 
Materials Suitable for the Protection of Wound Repair Sites." A number of other 
bioelastic materials and methods for their use arc described in pending U.S. patent 
applications including: U.S. Serial No. 184,873, filed April 22, 1988, entitled 
"Elastomeric Polypq>tides as Vascular Prosthetic Materials"; and U.S. Serial No. 
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07/962,608, filed October 16. 1992, entiUed "Bioelastomeric Drug Delivery 
System," U.S. Serial No. 08/187,441, filed January 24, 1994, entiUed 
"Photoresponsive Polymers"; and U.S, Serial No. 08/246,874, filed May 20, 
1994, entiUed "Elastomeric Polytetrapeptide Matrices Suitable for Preventing 
Adhesion of Biological Materials. " All of these patents and patent applications are 
herein incorporated by reference, as they describe in detail bioelastomers and/or 
components thereof that can be purified by the methods of the present invention, 

Bioelastic materials have been proposed for a number of uses and 
apparatuses, as indicated by the general subject matter of the applications and 
patents set forth above. The bioelastic compositions and machines respond to 
pressure, chemical, and/or thermal changes in the environment by phase 
transitions {e.g. viscosity or turbidity changes) or by contraction or relaxation to 
transduce these energies reversibly into mechanical work (for example, as 
described in U.S. Patent No. 5,226,292). 

The bioelastomeric polymers have considerable potential for use in medical 
and other applications. However, at present the commercial use of these 
bioelastomers is limited by the difficulty in large-scale preparation of purified 
bioelastomers. Typically, the bioelastomeric units of the polymer have been 
chemically synthesized by processes which are expensive and time-consuming. 
Expression of the polypeptides using genetic engineering techniques have been 
successful. However, especially for in vivo use, the polypeptides must be purified 
with a minimum of contamination from the proteins co-expressed by the host 
organism. Conventional protein purification schemes generally resuh in lengthy 
and expensive procedures that may produce purified product, but with 
unsatisfactory yields (McPherson etai, (1992) Biotechnoh Prog. 8:347-352). 

SUMMARY OF THE INVENTION 
Accordingly, it is an object of the present invention to provide a simple 
process for purifying polymers that exhibit inverse temperature transition to a high 
degree of purity for their commercial application. It is a further object of the 
invention to provide a method for purifying bioelastomers irrespective of their 
source. The method is particularly advantageous for purifying a bioelastomeric 
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polypeptides from complex mixtures of proteins, such as those found after 
expression of the bioelastomeric polypeptides in a host. In addition, the method 
can be used to purify chemically synthesized peptides. During peptide synthesis, 
some amino acids are coupled to the growing peptide chain more easily than 
others. In synthesizing a bioelastomer or during polymerization, bioelastomers of 
different lengths are produced having different T,s. This is more apparent with 
peptide chains of shorter length. The method can therefore be used to allow 
purification of a range of lengths or maximum chain length depending on their T^s. 
According to the present invention, the process comprises adjusting the relative 
temperature of an aqueous medium containing the polymer with respect to the 
effective transition temperature of the polymer so that the temperature of the 
aqueous medium is at or below the effective transition temperature, removing 
material of greater density from the medium, adjusting the relative temperature of 
the aqueous medium to the effective transition temperature of the polymer so that 
the temperature of the aqueous medium is at or above the effective transition 
temperature/ftmctional hydrophobicity of the polymer and collecting material of 
the more dense phase comprising the polymer from the medium. These stq>s can 
be repeated until the desired level of purity is reached. The adjustment of 
conditions during the purification process can be achieved by numerous methods 
which include adjusting the temperature, pH or salt concentration of the aqueous 
media; or adjusting the transition temperature of the polymer by redox, 
barochemical or photochemical means. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will be better understood by reference to the following 
detailed description of specific embodiments with the figures that form part of this 
specification, wherein: 

Figure 1 is a schematic iUustration of the cloning steps of (GVGVPX, (seq id 
No:i) genes. 

A. 1 . The synthetic gene for (GVGVP),o with flanking external 
BamHl and internal P//M1 restriction endonuclease recognition sites. The gene 
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and plasmid pUCllS were each cleaved with BamUl and mixed together with 
liga&e, to recircularize the plasmid with the gene inserted. The plasmid with the 
cloned gene was amplified in £. coli. 2. A large-scale plasmid preparation was 
cleaved with PfMl and the released (GVGVP),o fragment was purified. 3, The 
5 purified PfMl fragment was self-ligated to form the concatemer genes. 4. 

Addition of adaptor oligonucleotides to the ligation reaction provides terminal 
sequences containing restriction sites needed for cloning the (GVGVP)„ genes into 
various expression plasmids. Although the genes are referred to in multiples of 10, 
the adaptor oligonucleotides provide an additional pentamer sequence resulting in 
10 [(10)J + L 

B. Schematic illustration of events described in A. 



Figure 2 is a schematic diagram of DNA samples electrophoresed through an 
agarose slab gel, stained with ethidium bromide and visualized with UV light. 

15 Lane 1: The (GVGVP)io PfMl gene fragment. Lane 2: The concatemer "ladder" 

formed by ligation/polymerization of the gene in the presence of adsqnor 
oligonucleotides* Lane 3: The (GVGVP)40 gene released from the plasmid 
pUCl 18 by the restriction endonuclease BamRl . Lane 4: The (GVGVP),jo gene 
released from the pUCllS by BamHl. Lane 5: The (GVGVP)j5o gene released 

20 from pUCllS by BamHl. 



Figure 3 is a schematic diagram of an analysis of microbially expressed 
(GVGVP),4o (SEQ ID N0:1) by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis after staining with copper chloride. Lane 1 : Crude E. coli cell 
25 lysate containing (GVGVP),4o (SEQ ID N0:1). Lane 2: llnsoluble cell debris and 

non-lysed cells removed by centrifugation of cold (4*^0) lysate. Lane 3: Cell 
lysate after removal of (GVGVP)j4o (SEQ ID N0:1). Lane 4: The protein-based 
polymer removed from the cell lysate by centriftigation following thermally 
induced aggregation. 

30 

Figure 4 depicts the sequence of the (GVGVP),o gene for tobacco (SEQ ID 
N0:6). 
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Figure 5 is a schematic diagram of the plasmid pHD203-GUS-EPSPS 
(EN/polyA). 

Figure 6 is a schematic diagram showing the effect of natural solutes 
associated with adhesive glycoproteins of the spider orb web on the effective 
transition temperature. 



Figure 7 is a schematic diagram showing a series of temperature profiles for 
10 turbidity dq>ending on polymer concentration. 



DESCRIPTION OF SPECIFIC EMBODIMENTS 
The method of the present invention can be used to purify polymers that 
exhibit an inverse temperature transition. The term inverse temperature transition 

15 refers to the phase transition of certain polymers to a condensed state of greater 

order in water on raising the temperature through the transition temperature range, 
and the temperature at which the onset of this transition occurs is designated as the 
transition temperature (TJ (Uny (1992); Uny (1993a) Angew. Chem., 705:859- 
883; Urry, D.W. (1993b) Angew, Chem, Int. Ed. Engl., 52:819-841). TypicaUy, 

20 these polymers contain both polar and hydrophobic regions. 

In its broadest aspect, the method of the present invention comprises: (a) 
dissolving a polymer exhibiting inverse temperature transition in an aqueous 
medium, (b) adjusting the relative temperature of the aqueous medium to the 
effective transition temperature of the polymer so that the temperanjre of the 

25 aqueous medium is below the effective transition temperature, (c) removing 

material of greater density from the medium, (d) adjusting the relative temperature 
of the aqueous medium to the effective transition temperature of the polymer so 
that the temperature of the aqueous medium is above the effective transition 
temperature of the polymer, (e) collecting material of the more dense phase 

30 comprising the polymer from the medium, and (0 optionally repeating any of steps 

(a)-(e) until a desired level of purity is reached; with the proviso the order of steps 
can be (a)-(d)-(e)-(a)-(b)-(c) at any point in the method. 
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Although the invention can be carried out with a number of different 
polymers, this specification exemplifies the invention by concentrating on 
bioelastic polypeptides, a class of polymers originally identified by the inventor. 
The bioelastic polymers are described in detail in the various patents and other 
documents listed above. Bioelastic polymers comprise repeating units that form jS- 
tums. A |3-tum is a 10-atom hydrogen-bonded ring in which the C=0 of amino 
acid residue / is hydrogen-bonded to the NH of residue / + 3. Repetitive /8-tums 
result in elastic jS-spiral structures. 

A fundamental property common to bioelastic polymers is that they are 
soluble in water at a sufficiently low temperature, but that they hydrophobically 
fold and associate to form a separate phase as the temperature is raised through a 
particular temperature range (Urry, D.W. (1992) Prog. Biophys. Molec. Biol., 
57:23-57). The temperature for this phase transition, commonly called 
coacervation, is determined by the hydrophobictty of the amino acids comprising 
the polymer. When more hydrophobic amino acids are included, the temperature 
is decreased, and when less hydrophobic amino acids are included, the temperature 
is increased. The dependence of the temperature range for the phase transition on 
the hydrophobicity of the composite amino acids provides the basis for a 
hydrophobicity scale dependent on the hydrophobic folding process of interest 
(Uny, D.W. (1993a and 1993b); Urry, et al (1992) Biopolymers, 52:1243-1250). 
The hydrophobicity scale based thereon is called the T^based hydrophobicity scale 
for protein and protein-based polymer engineering. The phase transition can occur 
reversibly or irreversibly upon raising the temperature. For example, plastic )3- 
spiral structures form irreversibly for poly(APGVGV) (SEQ ID NO: 7), and 
reversibly for poly(VPAVG) (SEQ ID NO: 8). The latter can exhibit elasticity 
below and through much of the transition temperature range but l)ecomes a hard 
plastic once the transition is complete. Because of this, the material may be 
referred to as an inverse thermoplastic. 

Table 1 provides a hydrophobicity scale for polyl/v(VPGVP)/x(VPGXG)] 
(SEQ ID NOS: 1 and 9) as an example, where /v and /x are mole fractions with 
/v and /x = 1 , where X is any of the naturally occurring amino acid residues or 
chemical modifications thereof, and T, is defined as the temperature of half 
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maximal turbidity. It should be noted that the location of the "X" residue in the 
polymer is not critical and was made in these examples principally for ease of 
synthesis. Some variations in properties do occur with substitution of other amino 
acid residues in the pentameric elastomer unit. The specific location of any 
5 modification of the polymer is not important as long as the bulk properties of the 

polymer are maintained. 

The Ti-based hydrophobicity scale depicted in Table 1 is useful for protein 
engineering of bioelastic polymers. When a functional side chain or sequence is 
introduced, for example, to achieve a given free energy transduction, then residue 

10 X may be varied to place the value of T^ as desired for the intended protein 

function. When a given hydrophobic side chain in the repeating pentamer of a 
protein polymer is replaced by one having an additional hydrophobic CH^ moiety, 
the value of T, is lowered in direct proportion to the number of added CHj 
moieties. When a given hydrophobic side^ chain in the protein polymer is replaced 

15 by one having fewer CHj moieties, as when Val is rqplaced by Ala, the value of 

Tj is raised in direct proportion to the number of CHj moieties removed. Thus the 
value of T, is clearly related to the hydrophobicity with lower values of T, 
indicating greater hydrophobicity and higher values of T, indicative of more polar 
or less hydrophobic residues. The temperature at which the folding and assembly 

20 occur can, therefore, be shifted and thus folding and assembly can occur without a 

change in temperature. This is referred to as the AT, mechanism. 

The temperature at which folding and assembly occur can be changed by 
altering a number of intrinsic or extrinsic factors. Intrinsic to a class of model 
proteins of 50,000 Da molecular weight or greater are: (a) the concentration of 

25 polymer itself, (b) changes in the amino acid composition within the polymeric 

bioelastic unit, (c) changes in the degree of ionization of functional side chains 
controlled by changes in pH, (d) the phosphorylation of side chains such as serine 
by enzymes called kinases, (e) the oxidation or reduction electrically, chemically 
or enzymatically of a side chain atuched to the polymer, (f) photochemical 

30 reactions of attached chromophores and (g) chemical reactions of side chains in 

response to electromagnetic radiation. 
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Extrinsic chemical changes affecting T, include the effects of salts, organic 
solutes and pressure. U.S. Patent 5,226,292 from the laboratory of the present 
inventors details pressure-related effects. In addition there is a chain length 
dependence that becomes significant at lower molecular weights where shorter 
chain lengths result in higher values of T,. 
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9. 

Table 1 . Temperature of the inverse temperature transition, T, for 
polytfv(VPGVP)/x(VPGXG)] (SEQ ID N0S:1 and 9). T, values are linearly 
extrapolated to ^ = 1 . 



40 



Amino acid residue X 


T.rcj 


CorreUtion 
coefficient 


LysflMMeN. red.)!*! 


-130 


1 .000 


Tip(W) 


-90 




TyrOO 


-55 


0.999 


Phe (F) 


-30 




His (pH S) (H) 


-10 


l.OOO 


Pro (P) 


V °f 


fill 


Leu a) 


5 


0.999 


Be a) 


10 


Q 000 


Met (M) 


20 


0.996 


Val (V) 


24 


Id 


Glu(COOCH^-) 


25 


1 nnn 


Glu(COOH)(E) 


30 


1 .000 


Cy» (C) 




1 mv\ 

1 tUUU 


His ^H 4) (H"^) 


30 


J .uuu 


Lys(NHJ (K) 


35 


O 01A 


Asp(COOH} (D) 




n OQ^ 


Ala (A) 




tl 007 


Hyp 


50 


0.998 


Asn (N) 


50 


0.997 


Ser(S) 


50 


0.997 


Thr{T) 


50 


0.999 


Gly (G) 


55 


0.999 


Arg(R) 


60 


1.000 


Glii(Q) 


60 


0.999 


LysCNHj^KK*} 


120 


0.999 


Tyr(e<rXY) 


120 


0.996 


LysCNMcN, ox.) la] 


120 


1.000 


AspCCOOKD) 


170 


0.999 


Glu(COO)(E) 


250 


1.000 




1000 


1 noo 


(a] NMcN represents yV-mcthylnicoiinamidc pendant on a lysyl side chain, re., /V- 
methylnicotinate attached by aniide linkage to the ^-NH. of lysine. The reduced state is A^- 
methyl-U6-dihydronicoti2ianude residue, [b] Calculated, [c] Serves as reference substance. 
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When the temperature is raised through the range of the inverse temperature 
transition, the cross-linked matrix contracts. Alternatively, instead of changing the 
temperature, it is possible to change the value of T, as described above. This 
means, for example, if is just above the operating temperature and an energy 
input is introduced which lowers the value of Ti to below the operating 
temperature, that the energy input will also drive contraction. If the energy input 
is a change in the concentration of a chemical, /.e. , chemical energy, then chemo- 
mechanical transduction will have occurred. By means of suitably reactive or 
responsive groups being a part of the protein-based polymer, it is also possible 
using the elastic matrices to demonstrate baro-mechanical, electro-mechanical, and 
photo-mechanical transductions. While these energy conversions are achieved by 
changing the value of T, and while they utilize hydrophobic folding or unfolding, 
they do not involve the performance of mechanical work which is so readily a part 
of folding and unfolding. These are called second-order molecular machines of 
the Ti-type, and they include the ten pairwise energy conversions involving the 
energy inputs of temperature changes, pressure changes, chemical concentration 
changes, electrochemical oxidations or reductions, and the absorption or 
dissipation of electromagnetic radiation (Urry, 1993a and 1993b; Urry, 1992). 
Similarly, the properties of uncross-linked polymers can be altered to change the 
value of T, in order to induce coacervation. This ability to change the properties 
of the bioelastic polymers by altering the value of T, is exploited in the present 
invention to allow purification of the polymers. The relative temperature of the 
polymer to the effective Tj can be adjusted by altering the ambient temperature or, 
as described above, influencing the effective T( by varying the energy input e.g., 
pressure changes, chemical concentration changes, electrochemical oxidations or 
reductions, etc. 

Using the relative hydrophobic! ties of the amino acid side chains, it is 
possible to construct polymers which will exhibit inverse temperature transitions 
by a systematic, knowledge-based approach. This approach can be used with 
natural compounds where there is stereochemical regularity, as well as with 
entirely synthetic molecules. 

The structure of bioelastomers are described in detail in various patents and 
patent applications that arose from the laboratories of the present inventor. 
Considerable variations in the amino acids that are present at various locations in 
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the resulting polymer is possible as long as the multiple /S-tums with intervening 
suspended bridging segments are retained in order to preserve elasticity. It is 
possible to prepare polypeptides in which monomeric units are interspersed 
throughout a larger polypeptide that contains peptide segments designed for other 
purposes. The location of a random or systematic substituent in the polymer, with 
respect to the monomer residue side-chain position, is not critical so long as the 
beta-turn is not prevented from forming in the relaxed state. Preferred positions 
for the various peptides of the invention are as taught in the patents and pending 
applications from the laboratory of the present inventor in this area, which have 
been incorporated by reference. For example, the bioelastomer can contain 
naturally occurring sequences which are components of connective tissue. These 
can be insertions of, for example, single amino acids between monomeric units, 
substitutions of one amino acid for another in an occasional monomer, or inclusion 
of different polypentapqjtide, polyhexapcptide or polytetrapeptide sequences 
which can be added either in parallel or in sequence to increase strength, elastic 
modulus and ease of handling, as disclosed, for example, in U.S. Patent Nos 
4,474,851 and 5,064,430. The bioelastic units of the invention can be atuched to 
or interspersed among other types of molecules, which molecular units can impart 
functions to the polymer such as biological activity, chemotaxis, dnig attachment, 
protease, or nuclease susceptibility. These molecular units can be added 
covalently and sequentially or as side chains to provide for the desired properties. 
The ratio of these other molecular units to the monomer residue can range from 
1 :2 to 1 :5000. Preferably the ratio is 1 : 10 to 1 : 100. The upper limit on the 
number and kind of substituents is also influenced by the ability of the elastic 
polymer to fold/assemble property to attain a beta-spiral in the relaxed state. Such 
molecules include peptides, proteins, nucleic acid, DNA, RNA, carbohydrates and 
Upid chains. The preferred polymers to be purified by the methods of the present 
invention are protein and protein-based bioelastomers. Most preferred are those 
containing bioelastic pentapeptides, tetrapeptides, and nonapeptides. 

In general, selection of the sequence of amino acids in a particular 
monomeric unit and selection of the required proportion of monomeric units can 
be accomplished by an empirical process that begins with determining (or looking 
up) the properties of known bioelastomers, making similar but different 
bioelastomers using the guidance provided in this specification, and measuring the 
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transition temperature as described herein and in the cited patents and patent 
applications. Preferably, however, one uses tables of relative hydrophobicity of 
amino acid residues (either naturally occurring or modified) to compute the 
transition temperature without experimentation. For example, see Y. Nozaki and 
C. Tanford, (1971) J. Biol Chem. 246:2211-2217, orH.B. Bull and K. Breese, 
(1974) Archives Biochem, Biophys. 161:665-670, for particularly useful 
compilations of hydrophobicity data. For example, a rough estimate can be 
obtained of the likely transition temperature by summing the mean 
hydrophobicities of the individual amino acid residues, or their side chain modified 
forms, in the monomeric units of the polymer and comparing the result to the sum 
obtained for polymers having known transition temperatures. 

More accurate values can be calculated for any given polymer by measuring 
transition temperatures for a series of related polymers in which only one 
component is varied. For example, polymers that mostly contain VPGVG (SEQ 
ID N0:1) monomers with varying amounts of VPGXG (SEQ ID N0:9) monomers 
(e.^., 2%, 4%, and 8% X) can be prepared and tested for transition temperatures. 
The test merely consists of preparing the polymer in uncrosslinked form, 
dissolving the polymer in water, and raising the temperature of the solution until 
turbidity appears, which indicates the precipitation of polymer from solution. If 
the transition temperatures are plotted versus the fraction of VPGXG (SEQ ID 
N0:9) monomer in the polymer, a straight line is obtained, and the fraction of 
VPGXG (SEQ ID NO:9) necessary for any other desired temperature (within the 
limits indicated by 0% to 100% of the VPGXG (SEQ ID N0:9) monomer) can be 
obtained directly from the graph. When this technique is combined with the rough 
estimating ability of hydrophobicity summing as described above, any desired 
transition temperature in the range of liquid water can be obtained. 

In terms of a generalized hydrophobicity scale, the COOH moiety is more 
hydrophobic than the COO" moiety. The transition temperature can be lowered 
simply by decreasing the pH and raised by increasing the pH of the medium 
contacting a bioelastic polymer when a carboxylate group is present (or other 
group capable of forming an ion upon increasing the pH). If an intermediate 
temperature is maintained, then a 20 Mrad cross-linked matrix of 
poly[4(VPGVG),l(VPGEG) (SEQ ID NOS:l and 10)], that is, a random 
copolymer in which the two pentameric monomers are present in a 4:1 ratio, 
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where E = Glu, will precipitate on lowering the pH and dissolve on raising the 
pH. The temperature of the transition in phosphate buffered saline will shift some 
50'C from about 20'*C at low pH, giving COOH, to nearly 70»C at neutral pH 
where all the caiboxyls have been converted to caiboxylate anions. By choosing a 
side chain group whose protonation/deprotonation can be modulated one can in 
turn modulate the response of the polymer to changes in pH. 

Usually, the sequences of the bioelastic monomer units are chosen for their 
specific properties which provide for their utility {e.g., in prosthetic devices, drug 
delivery, etc.) as described in the various patents and patent applications of the 
present inventor. However, knowing the sequences and ratios of the monomeric 
units within the polymer allows one to deteimine, or at least estimate, the effective 
T, of the polymer as described above. This will be dependent on the 
hydrophobicity of the polymer. It may be emphasized here that any chemical 
means of changing the mean hydrophobicity of the polymer, such as an acid-base 
15 titratible ftinction, dephosphorylation/phosphorylation, reduction/oxidation of a 

redox couple, etc., can be used to bring about coacervation/dissolution at an 
estimatable T,. 

For example, sodium chloride lowers the value of T, 14°C N ' (i.e., gram 
equivalem per liter for poly (VPGVG) (SEQ ID N0:1) whereas NaBr is less 

20 effective in lowering T,. The most potent salts on a normality basis are those with 

multivalent anions such as carbonates, sulfates and phosphates. It should be noted 
that Nal and NaSCN cause small increases in the value of T,. 

Organic solutes appear to be more variable than the salts and a few are even 
biphasic in their effects. Organic solutes in order of decreasing potency that raise 

25 T, are sodium dodecylsulfate (eOO'C mol ' at 0.1 M), guanidine hydixjchloride 

(12°C mol ' at 0.3M), urea (S.S'C mol ' at 0.3 M) and Triton X-100 which is 
biphasic (22''C mol ' at 0.3 M). Organic solutes that lower T, are ethylene glycol, 
trifluoroethanol (-ITC mol ' at 0.4 M), trifluoracetic acid and glycerol (-2.2''C 
mol ' at 0.4 M). EWmethyl sulfoxide and also ethylene glycol (at very low 

30 concentrations) are biphasic, increasing the value of T, at lower concentrations. 

Of particular interest are a set of natural solutes that are associated with adhesive 
glycoproteins of the spider orb web. These are N-acetylputrescine, choline, 
betaine and isethionic acid, and their effects on T, are given in Figure 6. 
Interestingly, most of these lower the temperature for phase separation. 
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Increases in pressure will raise the value of T, and will do so most effectively 
if there are aromatic residues present such as Phe(F), Tyr(Y) and Trp(W). 
Although not wishing to be bound by any theory, the effect is thought to occur 
because the volume occupied per water molecule is less than when the water 
molecules are more-ordered surrounding aromatic moieties than when they are 
less-ordered bulk water. This means that application of pressure could be used to 
drive solubilization and the release of pressure could bring about phase separation. 
These effects with aromatic residues are relevant to the pressures developed during 
centrifugation and, therefore, should be considered when using centrifugation as a 
purification step. 

When the concentration of a bioelastic polymer is increased, the temperature 
of the inverse temperature transition decreases to a high concentration limit which 
occurs at about 40 mg/mL. In Figure 7 are given a series of temperature profiles 
for turbidity formation (Tpr curves) wherein the temperature for the onset of 
turbidity decreases and the steepness of the curve increases as the concentration is 
increased to a high concentration limit of 40 mg/mL. The temperature, Tj, of the 
inverse temperature transition is defuied as the temperature at which 50% of the 
normalized turbidity is obtained. Accordingly, the concentration of polymers of 
different compositions should be kept in mind when examining other means of 
changing the value of T,. 

An effective means of raising the value of T, is to increase the degree of 
ionization, a, of an amino acid residue such as Asp (COO ), Lys (NHj*) or Glu 
(COO ) present in a polymer as described above. With known compositions and 
pKa values, changes in pH become a very effective means of achieving 
solubilization or separation of the polymer. Similarly, chemical reduction using, 
for example, dithionite reduces the value of T,. 

The bioelastic matrices, whether formed from elastic i9-spiral structures or 
from reversible plastic )3-spiral structures, result from cross-linking of the 
individual polymer chains. Cross-linking of a polymer solution to form an elastic 
matrix can be performed using various cross-linking process, e.g. chemical, 
photochemical, enzymatic, irradiative after introduction of suitably reactive 
moieties. U.S. Patent 4,589,882, incorporated herein by reference, teaches 
enzymatic cross-linking by synthesizing block polymers having enzymatically 
cross-linkable units. 



^^'^^ PCT/US96/05186 

15. 

In order to obtain high molecular weight polymers in good yields, a number 
of approaches are available. When producing polymers by chemical synthesis, 
care should be taken to avoid impurities, because small levels of impurities can 
result in termination of the polymerization process or in racemerization that can 
alter the physical properties, in particular the inverse temperature transition, of the 
resulting polymer, but there are otherwise no particular problems of synthesis. 
Different bioelastomer unit permutations have been prepared and polymerized with 
different coupling methods, and are described in detail in the patents and patent 
appUcations Usted above. Peptide unit purity is important in obtaining a material 
with suitable physical properties, since small changes in the preparation of the 
monomers can result in a transition temperature that varies as much as IS'C 
(25''C-40''C). This variance is important to consider since a polymer that has a 
25'C transition temperature will fonn a very good cross-Unked elastomeric matrix, 
while a preparation having a 40''C transition temperature will not cross-link to 
form an elastomeric matrix. Moreover, accuracy in the estimation of the 
transition temperature for a polymer is of advantage in the methods of the present 
invention to keep unnecessary preliminary testing to a minimum and for 
reproducibiUty. The solution of this potential problem is simply to purify the 
components used to prepare the peptide. Synthesis of the bioelasiomeric repeating 
units is straightforward and easily accomplished by a peptide chemist. 

An alternative to the oi^ganic synthesis of protein-based polymers is a 
biosynthetic approach using current recombinant DNA methodologies. Using this 
approach, a gene encoding tiie desired peptide sequence is constructed, artificially 
inserted into, and then translated in a host ot^ganism. The host can be eukaryotic, 
e.g. yeast, plant or prokaryotic, e.g. bacteria. Usually, the host will be 
microbial, where the resulting protein can then be purified, often in large amounts, 
from cultures grown in fermentation reactors. Recombinant DNA can be used to 
create synthetic genes encoding multiple repeating units of a given peptide 
sequence and these synthetic genes may themselves be polymerized to create even 
longer coding sequences, resulting in protein-based polymers of greater length. 

A wide variety of genes or gene fragments are useful in forming fusion 
sequences with bioelastic sequences. Any selected, desired DNA sequence can be 
used as long as the bulk properties of the bioelastomeis are not impaired. Desired 
peptides or proteins can include any peptide or protein useful for human or 



wo 96/32406 PCT/US96/05186 

16. 

veterinary therapy, diagnostic or research applications in any expression system. 
For example, honnones, cytokines, growth or inhibitory factors, enzymes, 
modified or wholly synthetic proteins or peptides can be produced according to 
this invention in bacterial, yeast, plant, mammalian or other eukaryotic cells and 
5 expression systems suitable therefor. For example, these may include IL-1, MIP- 

lof, IL-6, M-CSF, IL-2, IL-3, IL-4, IL-5, UF, MIF (macrophage inhibitory 
factor), or a variety of small peptides of random sequence. The ratio of these 
other molecular units to the monomer residue is as described above with the 
proviso that the elastic polymer still has the ability to attain a beta-spiral in the 

10 relaxed state. 

Techniques known in the art are used to manipulate the genetic information 
(i.e., DNA sequences) for their effective expression in the appropriate host 
organism (see, for example, Sambrook et al., (1989) Molecular Cloning: A 
Laboratory Manual, Second Edition, Cold Spring Harbor, New York; Deguchi et 

15 a/., (1993) Mat, Res. Soc, Symp. Proc., 2P2:205-210; CapeUo, J. (1992) in 

Review Protein Engineering Biomaterial, Curr. Opin. Struct. Biol., 2:582-586; 
McPherson et aL (1992); Perbal, B. (1988) In A Practical Guide to Molecular 
Cloning, 2nd Ed., John Wiley & Sons NY; Ausubel, F.M. (1989) In Current 
Protocols in Molecular Biology, Vols 1 & 2, John WUey & Sons NY). The 

20 primary tools that make this possible are known in the art and include enzymes 

capable of cleaving, joining, copying and otherwise modifying polynucleotides. In 
addition, vectors allowing the introduction of this information into the host 
organism in a suitable manner for expression are also known in the art. 

For example, DNA fragments having restriction sites at their proximal ends 

25 and encoding bioelastomeric polypq)tides can be synthesized, using 

oligonucleotides designed to have appropriate nucleotides at their 5' proximal ends 
that form restriction sites when double-stranded, and have complementarity at their 
3' ends sufficient to promote annealing and extension using a polymerase (usually 
by PCR). This approach can be employed to provide DNA fragments that can be 

30 incorporated into expression vectors at appropriate restriction sites for their 

expression in a host in large quantities. Alternatively, shorter oligonucleotides 
encoding bioelastomer monomer units can be ligated to each other for expression. 
Using this approach, several levels of complexity are possible. 1.) A single pair 
of oligonucleotides can be annealed and ligated to give a concatemer with each 
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tandem repeat of the monomer having an identical sequence. 2.) Two or more 
pairs of oligonucleotides can be used, each with a different composition of 
allowable codons but maintaining pair-to-pair overlap complementarity. These can 
be annealed separately and ligated together, or both annealed and ligated as a 
single mix. This results in the formation of a concatemer gene with a 
corresponding level of codon diversity. 3.) A single pair of "degenerate" 
oligonucleotides can be synthesized each with the appropriate mix of bases at the 
codons' third positions to reflect host codon preference. 

Adaptor oligonucleotides are added to the ligation reactions to select and 
clone concatemers. Generally the concateraers wiU be of a size that can be easily 
sequenced using flanking primers (e.g., 300-400 bp). The adaptor 
oligonucleotides can also be used to create teminal restriction enzyme recognition 
sites that allow excision of the gene for further multimerization to the desired size 
range (e.g., 150 catemers). Additional adaptor oUgonucleotides can be included in 
this Ugation reaction to aUow cloning of the multiraer gene into the proper vector 
for expression in the host system. 

A detailed example of the production of poly-VPGVG is set out in 
McPherson et ai, -Production and Purification of a Recombinant Elastomeric 
PolypepUde, G-(VPGVG)„-VPGV (SEQ ID NO:l), from Escherichia coU," 
Biotechnol. Prog., 1992:347-352, a pubUcation arising from the laboratory of the 
present inventor. This pubUcation can be used as guidance for genetic-based 
production of the material of the present invention. However, this method reUes 
on an expensive inducer, IPTG, for gene expression, and an expensive protease, 
factor Xa. for cleavage of the polypentapeptide away from the glutathione S- 
transferase carrier protein. A more cost effective manner for expressing the 
bioeUstmer would be advantageous. For example, bioelastomeric polymers having 
no methionines in their sequence can be expressed as recombinant fusion proteins 
designed to incorporate a methionine residue at the fiision junction. Preferably, 
there would be no methionines in the bioelastomeric polypeptide, allowing 
cleavage of the fijsion protein using cyanogen bromide (G. Allen, (1989) 
"Sequencing of Proteins and Peptides," in Uboratory Techniques in Biochemistry 
and Molecular Biology; R.H. Bundon ct al. Eds, Elsevier, New York,) to release 
the leader pepUde. Alternatively, less expensive enzymatic means of cleavage, 
such as cleavage foDowing a lysine or arginine by trypsin, can be employed to 
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remove the leader peptide where lysine or arginine is not present within the 
bioelastomer or protein of interest. 

Other expression systems can also be employed, such as, expression utilizing 
the bacteriophage lambda temperature-inducible promoter system, a 
promoter/expression system that is widely used for large-scale production of 
recombinant proteins in E. coli. Several expression plasmids based on this system 
are available comraerciaUy (e.g. Pharmacia). Promoter ftinction is regulated by a 
temperature sensitive repressor protein. At the permissive growth temperature of 
30*'C promoter function is repressed; upon shifting the temperature to 37-42'*C the 
promoter is de-repressed and the gene is expressed. This temperature shift can be 
easily and economicaUy achieved in standard large-scale fermentors. Crop 
production of the bioelastomers is also an economically viable alternative. £. coli 
and chloroplasts have interchangeable transcriptional/translational machinery 
(Gniissem and Zurawski, (1985) EMBO J. 4:3375-3383; Boyer and MuUet, (1986) 
15 Plant Molecular Biology 6:229-243) and bacterial genes driven by bacterial 

promoters have been expressed in chloroplasts (Daniell and McFadden, (1987) 
Proc Natl. Acad. Sci. USA 84:6349-6353). Vectors for transfecting plant ceUs are 
known in the art and may optionally allow for parallel expression of a marker 
gene, such as chloramphenicol acetyl transferase {cai) or /8-glucuronidase {uid A), 
20 or contain a strong promoter or an enhancer, etc. (Daniell and McFadden, (1991) 

Plant Cell Reports 9:615-619; Daniell, H., et al., (1990) Proc. Natl. Acad. Sci. 
USA 87:88-92; Ye, G.N., et al., (1990) Plant Mol. Biol. 15:809-820; Daniell, 
H., (1993) Methods Enzymol. 217:536-556). The nucleic acid constructs are then 
used to transfect a host organism. Methods for transforming plants arc known in 
25 the ait (Shimamoto, K., et aL (1989) Nature 338:274-277; Datta, S.K., et aL 

(1990) Bio/Technology 8:736-740; Cristov, P., et al (1991) Bio/Technology 
9:957-962; Gordon-Kamm, W.J,, et aL (1990) The Plant Cell 2:603-618; Fromm, 
M.E., et aL (1990) Bio/Technology 8:833-839; Vasil, V., et aL (1992) 
Bio/Technology 10:667-674; Weeks, J.T., et aL (1993) Plant Physiol. 102:1077- 
30 1084; Somers, D.A., et aL (1992) Bio/Technology 10:1589 1594; Bower, R. and 

Birch, R.G. (1992) Plant J. 2:409-416; Kung, S. and Wu, R. (1993) Transgenic 
Plants Engineering and UtiUzation 1:382; Daniell, H. (1993) Methods in Enzymol. 
217:536-556). 
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One potential problem associated with the expression of protein-based 
polymers may be the presence of methionine encoded by the start codon of the 
polymer gen6, which may modify reactivity of an elastomeric polypeptide 
although, in terms of hydrophobicity, it is very similar to the valyl residue. This 
problem can be overcome by chemical cleavage of the peptide after isolation or by 
targeting the polypeptide using a suitable transit peptide sequence. Several transit 
peptide sequences have been successfully used to target foreign proteins (Cheng a 
al. (1988) Proc. Natl. Acad. Sci. USA 55:391-395). The tnmsit peptide is 
cleaved as the protein is transported into, for example, the chlotoplast or 
interceUular spaces, simplifying purification. One of the unique advantages in 
expressing polymers within organeUes is that chloroplasts can be isolated by 
homogenization of the tissue in an isotonic buffer and pelleted by low speed 
centrifugation. Chloroplasts can then be lysed in a hypotonic buffer to release the 
elastic and plastic protein-based polymers. In addition, exposure of polymers to 
alkaloid is minimized by expressing them inside chloroplasts. Proteins can also be 
extracted from interceUular spaces by a simple vacuum infiltration-centrifiigation 
pn)cedure. This procedure washes out contents of the intercellular space and 
reduces exposure of polymers to alkaloids. 

There appears to be no upper limit to the molecular weight of useful 
polymers that can be purified by the methods of the invention except that imposed 
by the processes of making these polymers. Polymers containing up to about 250 
pentamers have been synthesized in £. colt using recombinant DNA methods. 
Typical polymers contain at least 5, preferably at least 10, more preferably at least 
20, tetrapq)tide or pentapeptide monomers, and because of poor solubility in 
aqueous solvents, which arc desirable for biological uses as weU as the method of 
the present invention, usually contain fewer than 1000, usually fewer than 500, of 
such units. 

After synthesis, the polymer is usually dissolved in an aqueous medium as a 
first step in the purification. The media employed may include small amounts of 
polar organic solvents, usuaUy less Uian 40 volume percent, more usuaUy less than 
about 10 volume percent. The solutions can be buffered at a pH in the range from 
about 6 to 9, more usually from about 7 to 8.5. Various buffers may be 
employed, such as phosphate, Tris, or the like. When the polymer is synthesized 
by a host, lysing the cells to provide the polymer in an aqueous medium is herein 
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considered equivalent to dissolving the polymer in an aqueous medium. Methods 
for providing expressed proteins in solution are known in the art. For example, 
methods for providing bacterial ly sates and plant extracts are described by Scopes, 
R.K. (1987) in Protein Purification, Springer Verlag. New Yoiic. 

The relative temperature of the medium with respect to the effective transition 
temperature is then adjusted either to be above or below the effective transition 
temperature. The effective transition temperature has been defined as the 
temperature at which 50% maximum tuibidity is obtained for a polymer in 
solution. Generally, the relative temperature of the medium is adjusted so that at 
least 50% of the polymer is in one phase, preferably at least 75%, most preferably 
at least 95%. 

In the case that the temperature of the medium is below the effective 
transition temperature, the dense phase, whether particulate or viscoelastic, is 
removed leaving the polymer of interest in solution. Techniques for providing the 

15 temperature of the medium below the T^ are described above and include 

decreasing the temperature, increasing the pH of the medium, decreasing the salt 
concentration of the medium (e.g., by dialysis), increasing pressure (e.g., by 
increasing centrifugal force), increasing light irradiation (if certain photoactivatable 
groups are present in the polymer), or by oxidation, etc. Similarly, conditions 

20 providing the temperature of the medium above the effective T, include increasing 

the temperature, decreasing the pH, increasing the salt concentration of the 
medium, etc. In this case, the polymer of interest is recovered in the dense phase. 

The dense phase can be removed by any available means, e.g. , filtration, or 
25 centrifiigation. If the polymer is initially recovered by collecting the dense phase 

(whether particulate or viscoelastic), it is necessary to dissolve the material in an 
aqueous medium for further purification. The adjustment of the relative 
temperature of the aqueous medium can be carried out as described above in order 
to dissolve the polymer. The contaminating particulate material is then removed 
30 leaving the polymer in solution, which can be further purified or concentrated if 

required, for example, by again adjusting the relative temperature of the sample 
allowing the polymer to coacervate. 

Conventional purification techniques (Scopes, 1987) such as ion exchange 
chromatography, affinity chromatography, gel filtration, preparative gel 
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electrophoresis etc. can be used in conjunction with the method of the present 
invention. 

The invention now being generally described, the same wiU be better 
understood by reference to the foUowing examples, which are provided for 
puiposes of illustration only and arc not to be considered limiting of the invention. 

EXAMPT.F.S 

Example 1 • 

Expression nf Gene Consmicf s Encodiny ^ jf^ elastic Poivm^r f 

The (GVGVP),jo (SEQ ID N0:1) was constnicted using synthetic 
oUgonucleoUdes having the sequence depicted in Figure 1 (SEQ ID N0S:2 and 3). 
The oUgonucleoUdes were flanked with sequences containing the BamH 1 
(G'GATCC) and PfM 1 (CCAGGCGTTGG) (SEQ ID NO: 11) restriction 
endonuclease recognition sites. This nucleic acid was inserted into the plasmid 
pUCllS and used to transform E. coU. After isolating the amplified plasmid, the 
sequence of the gene insert was verified by DNA sequence analysis (Sambrook et 
al.. Molecular Cloning: A Laboratory Manual, Second Edition, Cold Spring 
Hartwr, New Yoric (1989)). 

This lOmer gene was then used as a modular unit for constnicting longer 
genes encoding (GVGVP). (SEQ ID NO:l) of higher molecular weights. Plasmid 
containing the lOmer gene was prepared and digested with PfM 1. The P//M 1 
(GVGVP),o gene fragments were then purified and used in subsequent Ugation 
reactions to form polymers of [(GVGVP),o]„ (SEQ ID N0:1). Also, separate 
adaptor oligonucleotides with unique restriction sites were added to this Ugation 
reaction to allow the subsequent cloning of the concatenated gene fragments. 
These adaptor oUgonucleotides were added at a ratio that would favor the recovery 
of high molecular weight "concatemers". This process is represented 
schematically in Figure IB. 

For recovery and cloning of individual length concatemer genes, the Ugation 
mixture was digested with BarriHl then electrophoresed through an agarose slab 
gel to achieve separation of the various molecular weight sizes. SUces 
corresponding to different size ranges then were removed from the gel, the DNA 
was recovered, and then cloned into plasmid pUC118 ( Urry et al. "Elastic and 
Protein-based Polymers: Potential for Industrial Uses, (Am. Chem. Soc.) Div. 
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Polym. Mat.: Sci & Engr.. "Industrial Biotechnological Polymers," Washington 
D.C., 1994). Gene inserts into this plasmid were analyzed by restriction 
endonuclease digestion and accurately sized by agarose gel electrophoresis 
adjacent to a concateraer "ladder" (See Figure 2). To achieve expression of a 
native protein-based polymer in E. coU, a concatemer gene encoding (GVGVP),,^, 
(SEQ ID NO:l) was subcloned from pUCllg into the expression vector pQE-32 
(Quiagen, Inc.) as a gene fiision behind a sequence encoding six tandem histidines. 
Expression using this plasmid resulted in the production of proteins with an amino- 
terminal polyhistidine fusion, specifically, MRGSH^GIQTM-CGVGVP). (SEQ ID 
NO: 12). This fusion moiety provides the ability to affmity purily the protein by 
metal-chelate chromatography. Several different sized concatemer genes were 
subcloned into and expressed from the pQE-32 vector in E. coli. The 
poly(GVGVP) polymers (SEQ ID NO:l) that were pioduced were affinity purified 
from the bacterial cells and shown to have the requisite glycine, valine and proline 
at the expected ratios for poly(GVGVP) (SEQ ID N0:1) by amino acid analysis of 
phenyUsothiocyanate (PTTC) derivatives of the amino acids separated by reverse 
phase liquid chromotography. This established that genes encoding protein-based 
polymers of high molecular weight, for example, (GVGVP)j5o (SEQ ID N0:1), 
can be made and efficiently expressed in an £. coli host organism; using a gene 
fusion and affinity purification approach it was also possible to highly purify the 
recombinant protein and show that it was the desired product. 

Purification of F-^rpi ssed Product 

Using affinity purified MRGSHtGIQTM-(GVGVP),jo (SEQ ID NO: 12), it 
was shown that the protein-based polymer reversibly precipitates {i.e. , 
coacervates) by raising and lowering the temperature; this coming out and into 
solution could be determined visually by watching the liquid go cloudy and then 
clear. 

This property was used to purify histidine fusion proteins comprising 
(GVGVP)„ where n=40, 140 and 250. First, a chiUed (on ice) suspension of £. 
coli cells containing the protein-based polymer was lysed by sonic disruption to 
disperse the cellular components. At cooler temperatures, the poly(GVGVP) 
(SEQ ID N0:1) remains in the unfolded soluble state and the insoluble cell debris 
can be removed by centrifugation. While still cold, the lysate was centrifiiged at 
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high speed to remove the insoluble cell debris. The recovered supernatant was 
then warmed to 37»C causing the protein-based polymers to form a visible 
aggregate, at which point it was removed from the soluble fraction by 
centrifugation. Upon heating to above its transition temperatures of 37»C, the 
poly(GVGVP) species (SEQ ID N0:1) forms a new phase which allows for 
selective removal by centriftigation from the iwnaining solute. Repeating this 
procedure once again, as a wash, resulted in pixKluct that was as pure as the 
affinity purified material when analyzed by SDS-polyacrylamide gel 
electrophoresis (See Figure 3). In this way, over 90% bacterial endotoxin was 
removed. 



Example 2r 

E?cpre55ion anj purification of Native. Pnly ^fiyrfyp) ,^^ !JLE^ 

To achieve expression of a native protein-based polymer in E. coU, a 
concatemer gene encoding (GVGVP),^ (SEQ ID N0:1) was subcloned from 
pUCllS described in Example 1 into the expression vector pET-lld (Novagen, 
Inc.) as a Ncol to BaniR 1 fragment. The protein was expressed at high levels 
from this plasmid without the amino-terminal affinity moiety previously described. 
It was also effectively purified as described in Example 1 using the temperature 
induced aggregation procedure. 

Examnle \ 

Expression of Elastic PrntP^in-Based Pnly m er. PolvmVGVP^ in Tnh»ri ^xy 
Chloroplastf 

Genes encoding the poly(GVGVP) (SEQ ID N0:1) protein in the nuige of 
150 tandem pentapeptide units are constructed for expression in tobacco systems 
using synthetic oUgonucleotides and PCR, to encode 10 repeating units of the 
GVGVP (SEQ ID N0:1). Figure 4 shows the sequence of the gene (SEQ ID 
N0:6), comprising optimal codons for tobacco while maintaining maximal coding 
degeneracy. The gene is constructed using two oUgonucleotides, each representing 
just over half of the gene. The oligonucleotides have complementary 25 base 
overiaps (dotted underline in figure) at their 3' ends that are extended by the PCR 
reactions to form the fuU-length double-stranded sequence. The PCR product is 
digested with BamHl and uiserted into plasmid pUC119 for sequence confirmation 



10 



^^^^^ pcr/usjNwosiw 

24. 

and continued maintenance. The fragment is excised from pUCn9 using PflM. I 
and self-ligated to form concatemers, with the inclusion of adaptor fragments to 
terminate multimerization in the desired size range. 

The synthetic gene is introduced into chloroplasts of cultured tobacco cells 
using the Gene Gun, essentially as described by DanieU (Methods Enzymol. 217 
(1993) 536-556). After continued growth of transformed cells in MS salt medium 
in the presence of '^S methionine, chloroplasts are isolated using a Mini-bead 
beater (Daniel! et al. (1993) Nucleic Acids Res. 21:1503-1504). Soluble 
chloroplast proteins are obtained by rupturing chloroplasts in hypotonic buffer. 
The bioelastomer is purified essentially as described in Example 1. 



Example 4 

Expression of Plastic Protein-Rased PolvmR r. PolvfAVOVPI rSEQ ID NOrRV 
from Tobaccfl 

15 For construction of the gene encoding poly(AVGVP) (SEQ ID N0:8) in the 

range of 150 repeating units for expression in tobacco, a different concatemeric 
approach is used. Specifically, two 15 base degenerate oligonucleotides, 5' 
CCNGCNGTNGGNGTN 3' (SEQ ID NO: 13) and 5' CNGGNACNCCNACNG 3' 
(SEQ ID NO: 14), are synthesized ( where N =G,A,T or C), each representing 

20 one strand of a double-stranded unit encoding the (AVGVP) monomer (SEQ ID 

NO: 8), with codon choice for tobacco. The two strands are offset such that they 
anneal leaving 4-5 base overlapping ends that are complementary, allowing joining 
of the 5' ends to the 3' ends. The annealed oligonucleotides, or catemers, are 
ligated through their complementary ends to form long multimers, or concatemers, 

25 as described above for the (GVGVP),^ genes. Expression and purification of the 

bioelastomeric polypqjtides are essentially as described above, with the exception 
that the transition temperature for poly (AVGVP) (SEQ ID NO: 8) is used. 

Example 5 

30 Expression of POlvfVPGVG) (SEQ ID NOr l) After Stable Chlotoplast or Nuclear 

Transformation 

The plasmid pHD203-GUS-EPSPS (EN/polyA) (see Figure 4) contains 
CaMV 35S promoter/enhancer elements driving the aroA gene (coding for EPS? 
synthase conferring resistance to glyphosate) and flanked at the 3' end by a poly A 



wo 96/32406 

PCT/US96/05186 

25. 

fragment to stabilize the transcrip; The coding sequence for G-(VPGVG),s- 
VPGV (SEQ ID N0:1) (the 20mer) fused with the gst coding sequence is inserted 
at the Bgin site in pHD203-GUS-EPSPS-(EN/polyA) using adaptors or by filling 
in the recessed 3' end termini using Klenow fragment of E. coli DNA polymerase 
I. Stable expression is achieved by bombarding the EPSPS vector containing gst- 
EG20mer coding sequences into cultured tobacco ceUs and growing them in the 
presence of glyphosate. The coding sequences are insetted into the region 
between rbcL and GRF 52 of the tobacco chloroplast genome in order to 
accomplish a high frequency of transformation (Svab and Maliga, (1993) Pioc. 
NaU. Acad. Sci. USA 90 913-917). 

Transgenic tobacco plants expressing polymers inside chloroplasts are 
obtained by bombarding leaves from aseptically grown plants with chloroplast 
vectors. CalJi formed on selection media are regenerated. Optimal conditions for 
selection and regeneration of tobacco chloroplast transgenic plants is known in the 
art (Svab et al., (1990) Proc. Natl. Acad. Sci USA 87:8526-8530; Staub and 
Maliga, (1992) The Plant CeU 4:39-45; Svab and Maliga (1993) Proc. Natl. Acad. 
Sci. USA 90:913-917. 

MolgCU l ar and Biochemical Analyses nf rhln^p plast Tranrfnrmant. 

Chloroplast DNA is isolated from transgenic plants by methods known in the 
art. Ethidium bromide stained gels of restriction digested ctDNA preparations are 
examined to detect additional ctDNA fragments; insertion of the EPSPS/gst- 
EG20mer fragment from chloroplast vectors into tobacco ct genomes introduce 
additional restriction sites into ct genomes of transgenic plants. ctDNA is digested 
with restriction enzyme and separated by electrophoresis on agarose gels and 
blotted onto nylon membranes. Fragments containing EPSPS or gst or polymer 
coding sequences are used as hybridization probes. All transgenic lines arc tested 
for the presence of EPSPS-gst-polymer coding sequences in tobacco chloroplast 
genomes. Chloroplast extracts are prepared and protein purified as described in 
Example 3. 



Example 

Stable Nwlear Expression of Protein-Based Polvmers in Transyp.nic Tobacco 

The synthetic gst-G-(VPGVG),9-VPGV gene cassette (SEQ m N0:1) (Mc 
Pherson el al.) is inserted into a pKYLX vector (Schardl et al., (1987) Gene 61:1- 
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1 1) as foUows. The Mad/EcoRl fragment containing the cassette is modified to 
incoiporate a new ATG codon through addition to a XholNcoX adapter (5'- 
TCGAGCCATGG-373'-CGGTACC-5') (SEQ ID N0:15) to the 5' end and moved 
into PKLYX7.1 as a Xho\IEcdR\ fragment. pKLYX7.2, a derivative of 
PKYLX7.1 (DanieU et al. (1986) Proc Natl. Acad Sci. USA 83:248-255) wherein 
the Xba\ site has been replaced with an Ec6R\ site is employed to receive the gst- 
G-(VPGVG)„-VPGV cassette. 

Young, fiilly expanded tobacco leaves [Nicotiana tabacum cv KY 14) are 
taken from 8-week-old plants and surface sterilized for 10 min with 10% chlorox, 
foUowed by 3 min in 70% alcohol and washed 3 times with sterile distilled water. 
Agrobaaerium tumefaciens-medated leaf disk transformation and shoot 
regenerations are performed as described by Horsch ei al. (1985) Science 
227:1229-1231). Briefly, putative transformants are selected on MS media 
contaimng-SOO-mg/L fcanamycin-and^ mg/L mefiBxin-as described 
al. (Proc. Natl. Acad. Sci. USA (1990) 87:8526-8530). Kanamycin resistant 
shoots are transferred to rooting media. Approximately 50 kanamycin-resistant 
plantlets are selected for analysis. Control plants arc transformed with pKYLX7.2 
alone. 

Putative transformants are verified by Southern hybridization and assayed for 
NPTn phosphotransferase activity as well as for production of the gst-G- 
(VPGVG)„-VPGV (SEQ ID N0:1) protein (McPherson et al.). Selected 
individual transformants are selected to produce a homozygotic individual that is 
used as an initial progenitor for seeds to be used in field studies. Approximately 1 
acre is planted with each type of transgenic tobacco. Smaller plots of vector-only 
transformed plants and nontransformed plants serve as controls for growth 
comparison or other assessments. Seedlings are greenhouse propagated and 
transplants arc planted in research plots. Cell extracts arc pi^red (Scopes et al.) 
and polymers purified as described in Example 1 . 
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SEQOSHCS LZSTZHO 

(1) GENERAL INPORMMTON: 

(i) APPLICMTT: tJrxy, Dan W. 

KcPherson, David T. 
Xu« Jia 

(il) TITLE OP mvEHTIOW! A Sinpl. itothod for the Purlfleatloa of 

a Bioalastic Polyner 

(ill) XffOMBER OP SSQDSNCBS: 15 

(Iv) CORRSSPOmBRCB ADDRESS: 

(B) STREET: 5 Palo Alto Square 

<C cm: Palo Alto 

(D) STATE: CA 

(B) CODBTRY: US 

(P) ZIP: 94306-2155 

(v) C«PDTBR READABLE FORM: 

(A) MEDIUM TyPE; Floppy dlek 

(B) COMPUTER: IBM PC compatible 

in 2^2^™ SYSTEM: PC-DOS/MS-DOS 

(D) SOFTWARE: PatantIn Release #1.0, Version #1,25 

(Vi) CURRENT APPLICATION DAZA: 

fft} iJfr^S^IflS HDMBER: US 08/543,020 

(B) FILING DATE: 13*OCT-1995 

(C) CLASSIFICATION: 

(viii) ATTORNEY/AGENT INFORMATION:' 
ii\ Hughee, Melya J. 

CBJ REGISTRATION NUMBER; 30,€9C 
(C) REFERENCE/DOCKET NUMBER: BERL-016/OlUS 

(ix) TELECOMMUNICATION INFORMATION: 

(A) TELEPHONE: 415 853 5070 

(B) TELEFAX: 415 857 0€€2 

(C) TELEX: 380ei6COOLBYPA 

(2) INFORMATION FOR SEQ ID K0:1: 

SEQUE NOg CH ARACTERISTICS ; 

(A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 
(iii) HYPOTHETICAL: NO 
(iv) ANn*SENSE: NO 

(xi) SEQUENCE DESCRIPTION: SEQ ID H0;1: 

Oly Val Gly val Pro 
^ 5 
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(2) INFORMATION FOR SEQ ID N0:2: 

(i) SSQC7ENCB CHARACTERISTICS: 

(A) UNQTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) 571CANDSDNBSS : double 

(D) * TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (aynthetlc) 
(ill) HYPOIHSnCAL: NO 
(iv) ANTI-SENSE: NO 



(xi) SSQOBNCE DESCRIPTION: SEQ ID N0:2: 
CGGGATCCAO 6CG1TGGT 



(2) INFORMATION FOR SEQ ID N0:3: 

(i) SEQDEN CS CH ARACTERISTICS : 

(A) LENOTH: 17 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : double 

(D) TOPOLOGY: linear 

(ii) MOLECDLE TYPE: DNA (synthetic) 
(iii) HYPOTHETICAL: NO 
(iv) ANTI-SENSE: NO 



(xi) SEQOENCfi DESCRIPTION: SEQ ID NO: 3: 
CCAGGCCTTG GATCCCG 



(2) INFORMATION FOR SEQ ID N0:4: 

(i) SEQDE NCE CH ARACTERISTICS: 

(A) LENGTH: 22 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 

(D) TOPOLOGY: linear 

(ii) MOLECDLE TYPE: DNA (synthetic) 
(iii) HYPOTHETICAL: NO 
(iv) ANTI*SENSfi: NO 



(xi) SEQDENCE DESCRIPTION: SEQ ID N0:4: 
TCGGATCCAG ACCATGGGCG TT 
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(2) IRFORMATION FOR SEQ ID »0:5: 

(i) SBOOKNCK aURJUCTERXSTXCS: 
<A) LRMGTH: 36 base pairs 

(B) T»8: nucleic acid 

(C) .5TRAHDSDNBSS: double 
<D) TOPQLOOY: linear 

(ii) MOLBCDLE T»B: DKA (synthetic) 

(iii) HVPOraBTICAl.: »0 

(iv) MTX-SSnSB: NO 

(xi) SEQ0KNC8 DESCRIPTION: SEQ ID 110:5: 
CQCGTTOGTO TACC9TAAGC TTQWOTCGO ATCCAG 
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(2) INFORMATION FOR SEQ ID N0:6: 

<i) SBQDEN gg CH ARACTSRISTICS : 
(A) LENGTH: 173 base pairs 
(B| TYPE: nucleic acid 
(C) STRANDEDNfiSS: sinole 
(D> TOPOLOGY: linear 

(ii) MOLSCOLB TYPE: DRA (synthetic) 

(iil) HYPOTHETICAL: NO 

(iv) Aivn- SENSE: NO 

(xi) SEQOENCB DESCRIPTION: SEQ ID NO: (: 

COOCJATOCAO GACTTGGAGT TCCTOGTWA CGTCXACCTO GACTTCGTCT ACCTOGIOTA €0 
GCAGTTCCTG GAGTTOCm^ 

GGACTACCTG GTGTTGGAGT ACCCGOGGTA COTCTTCCAO GAGTTCGATC CCO 173 



(2) INFORMATION FOR SEQ ID NO: 7: 

(i) SEOOE Nai CH ARACTERISTICS : 

(A) LSNCnH: € amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

(ii) MOLECDLE TYPE: peptide 

(iil) HYPOTHETICAL: NO 

(iv) ANTI -SENSE: NO 
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(xi) SBQUKNCB DBSCRZPnON: SBQ ID HO: 7; 

Ala Pro Gly Val Gly Val 
1 5 



(2) INFORMATlto FOR SBQ 10 IIO:«: 

SEQOH WCE CH ARACTBRISTICS; 

(A) LUGTH: 5 andno acids 

(B) nPB: amlzio acid 
(D) TOPOLOGY: linaar 

(ii) MOtSCOLB TYPB: peptide 

(iii) KYPOTOBTICAL: NO 

(iv) AMTI-SBVSB: NO 

(xi) SEQOEIICE DBSCRZPTZON: 5EQ ID NO:S: 

Val Pro Ala Val Oly 
1 5 



(2) IHFORMATIOM FOR SBQ ID N0:9: 

(i) SEQDB HCB CH ARACTBRISTICS ; 

(A) LBNGTH: 5 amino acida 

(B) nPB: amino acid 
(D) TOPOLOGY: linear 

(ii) MOLBCOLB TYPB: peptide 

(iii) HYPOTHETICAL: NO 

(iv) ANTI-SBHSB: NO 



(xi) SBQDBHCB DESCRIPTION: SBQ ID NO: 9: 

Val Pro Oly Xaa Oly 
1 S 



(2) INFORMATION FOR SBQ ID N0:10: 

(i) SBQOSN CB CH ARACTERISTICS : 

(A) LENGTH: S amino acida 

(B) TYPB: amino acid 
(D) TOPOLOGY: linear 

(ii) MOLBCOLB TYPB: peptide 

(iii) HYPOTHETICAL: NO 

(iv) ANTI-SBNSB: NO 
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(xi) SBQOKNCB DESCRIPTION! SEQ ID NO:10: 



Val Pro Gly Qlu Oly 
I 5 



(2) Z1IF0RMATZ6N FOR SfiQ ID M0:11; 

(^) SBOUK WCB CH ARACTHRISncS : 

(A) XJOmH: 11 bas« pain 

(B) TYPSt Quelaie «eid 

(C) SIRAHDBDMBSS: double 

(D) tOPOLOGnr: linear 

(il) HOLBCDZ.H T»B: DIA (eynthetlc) 
(iii) KirpaTHBTZCIUi: NO 
(Iv) AHTX-SBNSB: HO 

(xi) SBQDKNCB DBSCRIPTIOM: SBQ ID 110:11: 
CCAOQOOTTQ G 



(2) INPORMAKON FOR SBQ ID 110:12: 

<i) SBODEW CB CH ARACTKRISnCS; 

(A) LBMG7H: 20 emino acide 

(B) TTPB: amino acid 
(D) TOPOLOGY: linear 

(ii) mtsaJXS T»B: peptide 

(iii) HYPOTOETICAL: «0 

(iv) auti-sensb: no 

(xi) SEQOBNCB DESCRIPTION: SBQ ID NO: 12: 

Met Arg Gly Ser Hie Kia Hie Hie Hie Hie Gly He Gin Tyr Met Gly 
5 10 15 

Val Oly Val Pro 
20 



11 



(2) INFORMATION FOR SBQ ID N0:13: 

(i) SBQOSNCB CHARACTBRISnCS: 

(A) L8N0TK: 15 baee paire 

(B) TYPE: nucleic acid 

(C) STANDEDNBSS: eincle 

(D) TOPOZOGY: linear 

(ii) MOLECULE TYPE: DNA (eynthetic) 
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(ill) KYPOniBTICAL: SO 
(Iv) AtVTZ^SSNSBMiO 



(xi) SBQOKNCB DBSCRIPTION: SEQ ID 110:13: 
CCKGCIK3TOG GNQTW 

15 



12) IKPORManOll FOR SEQ ID »0:14: 

(i) 8SQ0BNCS CUMUCnRXSTZCS: 
(JV) LBraiU: 15 hum pair* 

(B) TTPB: nucl«lc Add 

(C) SnuuaDBDHBSS: sinol* 

(D) TOPOUXIY: llxMar 

(il) MOLBCDLB T»B: Dm («ynth«tic) 
(iii) mrPOTHBTZCAL: NO 
(iv) ANTX-SBNSB: NO 



(xi) SBQOBRCB DBSCRIPnON: SBQ ID 110:14: 
CNGGRACNCC NACNO 



(2) INFORMATION FOR SBQ ID N0:15: 

(i) 5BQ0BNCB CKARACTSRISTICS : 

(A) LBN8TH: 11 has* pairs 

(B) TTFB: nucl«ic acid 

(C) STRANDEDNB5S: single 
(0) TOPOLOGY: linear 

(ii) MOLBCOUB TYPB: DNA (synthetic) 

(iii) mrPOTHBTICAL: NO 

(iv) ANTI*SBNSB: NO 



(xi) SEQDKNCB DESCRIPTION: SEQ ID NO: 15: 
TOQAOCCATQ 0 



11 
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AU pubUcations and patent appUcations mentioned in this specification are 
herein incoiponited by reference to the same extent as if each individuaJ 
publication or patent application was specifically and individually indicated to be" 
incoiporated by reference. 

The invention now being fuUy described, it will be apparent to one of 
oniinaiy skill in the art that many changes and modificadons can be made thereto 
without departing from the spirit or scope of the appended claims. 
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WHAT IS ri AIM]^p fg 

1 . A method for purifying an artificial polymer comprising 
peniapepUde or tetnpeptide repeating units, wherein said repeating units exist in a 
conformation having a ^-tum and said polymer exhibits a reversible inverse 
temperature transition, comprising: 

(a) dissolving said polymer in an aqueous medium, 

(b) adjusting the relative temperature of said aqueous medium to the effective 
transition temperature of said polymer so that the temperature of said aqueous 
medium is below said effective transition temperature, 

(c) removing any particulate material from said medium. 

(d) adjusting the relative temperature of said aqueous medium to the effective 
transition temperature of said polymer so that the temperature of said aqueous 
medium is above the effective transition temperature of said polymer, 

(e) coUecting dense phase material comprising said polymer from said 
medium, and 

(f) optionally repeating any of steps (a)-(e) until a desired level of purity is 
reached; 

with the proviso the order of steps can be (a)-(d)-(e)-(a)-(b)-(c) during said 
method. 

2. The method of claim 1 , wherein said adjusting comprises a change 
in temperature of said aqueous media. 

3. The method of claim 1 , wherein said adjusting comprises a change 
in salt concentration of said aqueous media. 

4. The method of claim 1 , wherein said adjusting comprises a change 
in applied pressure to said polymer. 

5. The method of claim 4, wherein said change in applied pressure 
results from centrifugal force. 



6. The method of claim 1, wherein said adjusting comprises a change 

in the redox state of said polymer. 
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7. The method of claim 1 , 
in chemical potential of said polymer. 

8. The method of claim 1 , 
said polymer. 

9. The method of claim 1 , 
collected particulate material. 
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wherein said adjusting comprises a change 
wherein said adjusting comprises irradiating 
wherein said polymer is recovered in said 



10. The method of claim 1, wherein said polymer is recover^ in 
solution. 

11. The method of claim 1 , wherein said polymer comprises a 
bioelastomer. 

12. The method of claim 1 1 , wherein said polymer fiirther comprises a 
non-elastomeric polypeptide. 

13. The method of claim 1 1 , wherein said bioelastomer is elastin. 

14. The method of claim 1, wherein said polymer is a recombinant 
protein. 

15. The method of claim 1, wherein said aqueous medium is a bacterial 
lysate. 

16. The method of claim 1, wherein said aqueous medium is a plant 
extract. 

17. The method of claim 1 , wherein said polymer comprises a 
chemically synthesized polymer. 

18. The method of claim 1, wherein said particulate material is 
removed by ccntrifugation. 
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19. The method of claim 1 , wherein said particulate material is 
removed by filtration. 
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FIGURE Z 




HGURES 
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Sequence of the (GVGVP)io Gene for Tobacco 



pfim 

cgggat CCA GGA <tTT GGA GTT CCT 
ae ect-a CCT CCT CAA CCT CAA GGA 



BaaHl 



GGT GTA GGT GTA CCT 
CCA CAT CCA CAT GGA 

GGA GTT GGT GTA CCT 
CCT CAA CCA CAT GGA 

GGT GTA GGA GTT CCT 
CCA CAT CCT CAA GGA 

GGA GTT gg.t...cxj:..jc;ca 

CCT CAA CCA CAA GGT 
Kpnl 

GGT CTA GCG CTA CCT 
CCA CAT CCC CAT GGA 

.CIGT CTT GGT GTT CCT 
CCA CAA CCA CAA GGA 

GGA GTA GGA GTA CCT 
CCT CAT CCT CAT GGA 

GOT CTT GGA GTA CCC 
CCA CAA CCT CAT GGG 
Smal PflMl 
fiCG GTA GGT GTT rCA GflA HTT fifi atcccg 

CCC CAT CCA CAA GGT CCT CAA cc_taaagc 

BanHl 



HGURE4 
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CONCENTRATION STUDIES 
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A. Concentration Dependence of Tj 




Temperature, **C 



B. 
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